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Citrus tristeza virus (CTV) populations are among the more complex of plant RNA viruses with unusual mixtures of strains
and defective RNAs (dRNAs). Citrus plants infected with different CTV isolates contain multiple dRNA molecules that differ
in size and relative abundance within and between isolates. Additionally, we found mixtures of heterologous dRNAs in
populations. To examine the replication of CTV dRNAs, the protoplast system had to be extended to support helper-assisted
amplification of input dRNAs. The use of freshly extracted sap of CTV-infected tissue as inoculum increased the infection of
Nicotiana benthamiana protoplasts sufficiently to result in accumulation of high levels of CTV RNAs as well as dRNAs within
2 or 3 days postinoculation. A series of dRNA-like molecules, each with a single large internal deletion, were created from
an infectious cDNA clone of the CTV T36 isolate and examined for amplification in N. benthamiana protoplasts using a CTV
deletion mutant as the helper virus. Of 12 synthetic dRNAs, only three with sizes of 3650, 3819, and 4460 nucleotides were
efficiently replicated. CTV dRNA replication did not appreciably affect levels of accumulation of the genomic or the
subgenomic RNAs of the helper virus. To investigate the maintenance of dRNAs in CTV populations, we examined
heterologous interactions between dRNAs and helper viruses. Wild-type populations of heterologous strains T68 and T3, as
well as the homologous T36, supported replication of synthetic T36 dRNAs. Replacement in the T36 dRNA of the 59 region,
which is most variable among CTV strains, with the corresponding sequences from VT, T68, T3, or T30 resulted in chimeric
dRNAs that failed to be replicated by the T36 helpers but were replicated to detectable levels by the T68 helper. The
differential specificities of different CTV replicase complexes with dRNA replication signals is one possible factor that affects
the maintenance of dRNA population structures. © 2000 Academic PressINTRODUCTION
Citrus tristeza virus (CTV) causes death or debilitation
of citrus trees and has destroyed entire industries
throughout the world (Bar-Joseph et al., 1989). The aphid
transmissible virus is a member of the genus Clostero-
virus within the Closteroviridae. The 2000-nm-long, flex-
uous filamentous virion consists of a linear, positive-
stranded genomic RNA of ’19.3 kb that is encapsidated
by a 25-kDa coat protein that covers ’95% of the particle
and a 27-kDa minor coat protein that encapsidates ’5%
at one terminus (Febres et al., 1996). The genomic orga-
nization consists of 12 open reading frames (ORFs) that
potentially encode at least 17 proteins (Karasev et al.,
1995). The 59 ORF (ORF1a) encodes a large polyprotein
with two domains homologous to papain-like proteases,
plus methyltransferase-like and helicase-like domains.
ORF1b is thought to be expressed by a 11 frameshift to
produce the putative RNA-dependent RNA polymerase
(RdRp). The ten 39 ORFs are expressed through 39-co-
terminal subgenomic RNAs (Hilf et al., 1995). Only ORF1a
and 1b have been found to be required for CTV replica-
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360tion in Nicotiana benthamiana protoplasts (Satyanaray-
ana et al., 1999).
Strains of CTV make up one of the most diverse virus
groups, with large sequence variation among different
CTV genotypes. Although the sequence divergence be-
tween some of the genotypes is uniformly distributed
along the genome (80–90% homology), other genotypes
show unusual asymmetrical homology that decreases
toward the 59-terminus from 90% in the 39 regions to as
little as 42% identity in the 59 nontranslated regions
(NTRs) (Mawassi et al., 1996; Vives et al., 1999), a degree
of relatedness in the 59 region much less than expected
for “strains” of the same virus. CTV populations tend to be
unusually complex, a situation probably formed over long
periods of time, perhaps hundreds of years, due to the
continual vegetative propagation of citrus trees com-
bined with multiple aphid inoculations. Therefore, many
CTV isolates are populations of CTV genotypes, often
with a predominant sequence (Ayllo´n et al., 1999b, Hilf et
al., 1999, Mawassi et al., 1993). Additionally, most CTV
isolates are associated with multiple defective RNAs
(dRNAs) that vary greatly in abundance and in size,
ranging from ,2 kb to nearly full length (Mawassi et al.,
1995a; 1995b; Yang et al., 1997b). Sequence analysis
suggests that all the reported CTV dRNAs could have
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361HELPER AND DEFECTIVE RNA OF CITRUS TRISTEZA VIRUSbeen formed by a single internal deletion within the
genomic RNA (Ayllo´n et al., 1999a; Mawassi et al., 1995b;
Yang et al., 1997b) but with different lengths of the 59- and
9-termini, thus resulting in nonconserved junction sites.
ost isolates have one or two dRNAs in major abun-
ance with additional minor species. In such heterolo-
ous pools of genomic RNAs and dRNAs, it is not known
ow population structures are formed or maintained. Are
eterologous RNAs replicated by the majority replicase
omplex?
One mechanism thought to provide specificity during
eplication of RNA viruses is the interactions between
eplicase complexes and cis-acting elements within the
iral RNA. The cis-acting elements of positive-stranded
NA viruses are often located near the 59- and 39-termini
f the RNA (Buck, 1996). Many dRNAs associated with
TV consist of relatively small 59- and 39-termini, sug-
esting that CTV cis-acting elements are similarly lo-
ated. Sequences of the 39 NTRs are highly conserved
.97%) among CTV genotypes, whereas the 59 NTR
equences are remarkably variable (as low as 42% iden-
ity), although computer analyses predict similar second-
ry structures (Lo´pez et al., 1998). We tested CTV repli-
ase compatibility with heterologous 39 and 59 NTR se-
uences within the genomic RNA and found that 39
eterologous sequences had little effect on the levels of
eplication in N. benthamiana protoplasts, whereas the
ore divergent 59 heterologous sequences caused
reater reductions (Satyanarayana et al., 1999). There is
o information regarding heterologous interactions of
TV replicase in trans with cis-acting elements of
RNAs.
The development of biologically active cDNA clones of
FIG. 1. Northern blot analysis of double-stranded RNAs of CTV iso
ource isolates are indicated at the top of each lane. Sizes of the RN
ndicated to the left.RNAs that allow manipulation and mutagenesis and a
efined system that supports dRNA replication are
S
deeded to examine interactions and specificities be-
ween dRNA and helper. N. benthamiana protoplasts
upport low levels of replication of full-genomic RNAs,
ut much greater levels of replication were obtained
fter deletion of most of the 39 ORFs, suggesting difficulty
n infecting cells with large (’20 kb) RNAs (Navas-
astillo et al., 1997; Satyanarayana et al., 1999). Here, we
report that the use of CTV virions from freshly extracted
sap of infected plants increased the efficiency of proto-
plast infection sufficiently to allow investigation of CTV
dRNA replication. Additionally, synthetic dRNAs were
constructed from the infectious full-length cDNA clone
and used to examine requirements for dRNA accumula-
tion, and chimeric dRNAs were used to examine inter-
actions and specificities between helper and dRNAs.
RESULTS
Naturally occurring dRNAs associated with different
CTV isolates
To examine the association of dRNAs with CTV iso-
lates, double-stranded RNAs (dsRNAs) were extracted
from tissues infected by T68, T3, T36, T30, T64, or T66
isolates and analyzed by formaldehyde agarose gel elec-
trophoresis and hybridization with T36- or T30- 59 posi-
ive-stranded-RNA-specific probes. The use of 59 specific
robes allowed the detection of genomic RNA and dRNA
olecules among a background of 39-coterminal sub-
enomic RNAs. Although the levels of the replicative
orm of the genomic RNAs were low, probably due to
nefficient transfer of the 20-kb RNAs, the hybridizations
howed dRNA molecules in all of these isolates (Fig. 1).
The dRNA molecules varied in size and abundance.
sing T36 (A) or T30 (B) 59 positive-stranded-RNA-specific riboprobes.
s in kb and the position of the genomic RNA (gRNA) and dRNAs arelates uome isolates had multiple major dRNAs, with additional
RNA bands with lower signal intensity. The sizes of the
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362 MAWASSI ET AL.dRNA species varied from ’1.5 kb to .10 kb. Interest-
ingly, the T30- and T36- 59 positive-stranded-RNA-spe-
ific probes detected some dRNAs that were different
rom the predominant helper sequence. For example, a
1.6-kb dRNA was detected in the T36 population much
etter with the T30-specific probe than with the T36-
pecific probe. Similarly, a 1.6-kb dRNA of T64 hybridized
ore with the T30-specific probe, whereas a larger (’2.0
b) T64 dRNA hybridized more with the T36-specific
robe (Fig. 1). These differences were more apparent at
igher hybridization stringencies (results not shown).
hese data demonstrate the existence of mixtures of
RNAs in CTV populations. There also was variation
mong different dsRNA samples of the same isolate from
ifferent plants. In contrast to the 10-kb dRNA, the T30-
ike 1.6-kb dRNA was detected in only a few T36 dsRNA
reparations from different plants.
evelopment of an N. benthamiana protoplast system
o examine replication of dRNAs
Initially, we attempted to use the N. benthamiana pro-
oplast system described by Navas-Castillo et al. (1997)
o examine dRNA replication using purified virions or
iral RNA as inoculum. Although we detected genomic
nd subgenomic RNAs, we did not detect replication of
oinoculated dRNAs (results not shown). The levels of
ccumulation of progeny RNAs were low, suggesting that
nly a small percentage of the protoplasts were infected.
e found that modification of the system simply by using
crude extract (sap) from CTV-infected tissue as inocu-
um, instead of purified virions or viral RNA, increased
he level of accumulation of viral genomic and sub-
enomic RNAs by 10- to 100-fold (results not shown).
Sap extracts prepared from bark tissue infected with
68, T3, and T36 CTV isolates known to contain natural
RNAs (Fig. 1) were used to inoculate N. benthamiana
rotoplasts. Total nucleic acids of the protoplasts har-
ested at 1, 2, 3, and 4 days postinoculation (days p.i.)
ere extracted and analyzed by agarose gel electro-
horesis and Northern blot hybridization using a T36 59
ositive-stranded-RNA-specific probe (Fig. 2). Hybridiza-
ion stringencies were chosen to enable detection of
ost CTV RNAs despite the sequence differences along
he 59 regions of CTV isolates. Accumulation of the
9.3-kb genomic RNA was detected for each of the three
solates. Additionally, dRNAs were detected by both the
9 (Fig. 2) and 39 positive-stranded-RNA-specific probes
results not shown). A 6.0-kb dRNA and a more abundant
.6-kb dRNA accumulated in T3-infected protoplasts. A
ajor dRNA of ’6.0 kb was detected in T68-infected
rotoplasts. Protoplasts inoculated with T36 did not ac-
umulate any detectable dRNA. Similar results were ob-
ained with the use of T30 59 specific probes (results not
hown).
In most experiments, accumulation of the genomicNA and the dRNAs was first detected at 2 or 3 days p.i.
nd, generally, reached maximal accumulation levels at 4
ays p.i. In addition to genomic RNA and dRNAs, major
mounts of small positive-stranded RNAs (0.7–0.8 kb),
eferred to as low-molecular-weight tristeza (LMT) RNAs
orresponding to 59 genomic RNA sequence (Mawassi
t al., 1995b), were detected in protoplasts inoculated
ith all tested isolates (Fig. 2).
eplication of in vitro constructed dRNAs
We previously developed an infectious cDNA clone
hat allows in vitro manipulation of the CTV genome
based on the Florida decline strain T36 (Satyanarayana
et al., 1999). However, this strain is atypical in that dif-
ferent T36 populations rarely have dRNAs, and the
dRNAs shown in Fig. 1 failed to be transferred and to
replicate in protoplasts. To examine the requirements for
dRNA replication, we attempted to construct dRNA-like
molecules from the T36 full-length infectious cDNA clone
pCTV9 (Fig. 3A) that would be replicated by a helper
virus. A series of dRNA-like molecules (Fig. 3), each with
a single large internal deletion, were created. Each of
these dRNA-like constructs contained an SP6 promoter
followed by an additional nonviral guanosine at the 59
end of CTV sequence, which was introduced as a tran-
scriptional start site to promote more efficient transcrip-
tion. The 39 ends of the transcripts contained two addi-
tional nonviral nucleotides that resulted from lineariza-
tion of the cDNA clones with NotI (Satyanarayana et al.,
1999). To support the replication of the synthetic dRNA
molecules, we used the efficiently replicating CTV dele-
tion mutant CTV-DCla (Satyanarayana et al., 1999) as a
helper. CTV-DCla contains the 59 NTR plus the entire
sequence of the replicase genes (ORFs 1a and 1b) and
the first 105 nt of ORF2 (p33) joined to the 768 nt of 39
FIG. 2. Northern blot hybridization of CTV RNAs in N. benthamiana
protoplasts infected with sap extracts of different CTV isolates, with the
T36 59 positive-stranded-RNA-specific riboprobe. Source isolates are
indicated at the top. The numbers at the top indicate the time postin-
oculation in days. The genomic RNA and the RNA sizes in kb are
indicated to the left.genomic RNA, which includes most of ORF11 (p23) and
the 39 NTR (Fig. 3B).
indicate
ht of ea
363HELPER AND DEFECTIVE RNA OF CITRUS TRISTEZA VIRUSCapped transcripts obtained from the dRNA-like con-
structs were coinoculated with CTV-DCla transcripts into
protoplasts. The protoplasts were harvested 3 and 4
days p.i., and the levels of replication were determined
by Northern blot hybridization using a T36 39 negative-
stranded-RNA-specific probe. We chose the negative-
stranded-RNA-specific probe to confirm that the accumu-
lated dRNA was due to synthesis and not input RNA that
persisted in the cells and could be detected by the
positive-stranded-RNA-specific probes. Analysis of pro-
toplasts inoculated only with RNA transcripts of the
helper CTV-DCla revealed two RNAs corresponding to
the genomic RNA (’11.8 kb) and a subgenomic RNA
(0.87 kb) that began 59 of the p33 ORF (Fig. 4). Most of the
synthetic dRNA-like molecules (Fig. 3C) failed to be rep-
licated to detectable levels with the support of CTV-DCla
as helper. However, efficient replication was detected for
three of these dRNAs: CTVDBstB-Cla:456, CTVDNco-Cla:
368, and CTVDBstB:596 (Fig. 4). CTVDBstB-Cla:456 and
CTVDNco-Cla:368 had identical sequence 39 of the liga-
tion junction (768 nt) but with 59 terminal sequences of
2882 and 3692 nt, respectively (Fig. 3C). CTVDBstB:596
had 937 and 2882 nt of the 39- and 59-termini, respec-
tively (Fig. 3C). Replication of each of the dRNA-like
FIG. 3. Schematic diagrams of the genomic organization of CTV (
represent ORFs numbered above the diagram (A). Translation product
MT, HEL, and RdRp represent papain-like proteases, methyltransferase,
ORF; gaps, deleted sequences. Numbers shown inside the boxes in C
in protoplasts using CTV-DCla as a helper virus is indicated to the rigmolecules resulted in a single RNA with the expected
size, suggesting that they were stably produced for thisperiod of time in the protoplasts. No CTV-specific RNAs
of similar sizes were detected in protoplasts inoculated
with only CTV-DCla helper, and no smaller or larger
dRNAs were detected that would have been produced by
recombination during the experiment (Fig. 4). We also did
not detect accumulation of synthetic dRNAs when un-
deletion mutant CTV-DCla (B), and dRNA-like constructs (C). Boxes
ed by the respective ORFs are indicated. The putative domains PRO,
e, and RNA-dependent RNA polymerase, respectively. CP, coat protein
the size in nucleotides. The amplification of the dRNA-like molecules
ch construct in C.
FIG. 4. Replication of CTV dRNA-like molecules in N. benthamiana
protoplasts infected with CTV-DCla transcripts (A), CTV-DCla plus
CTVDBstB-Cla:456 transcripts (B), CTV-DCla plus CTVDNco-Cla:368
transcripts (C), and CTV-DCla plus CTVDBstB:596 transcripts (D).
Northern blot hybridizations were carried out with the T36 39 negative-
stranded-RNA-specific riboprobe. The positions of CTV-DCla RNA, theA), the
s encod
helicassynthetic dRNAs, and the subgenomic RNA are indicated to the left.
The numbers at the top indicate the time postinoculation in days.
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364 MAWASSI ET AL.capped dRNA transcripts were used as inoculum (results
not shown).
In time course experiments, we examined the stability
of the input dRNA and the levels of RNA accumulation in
protoplasts inoculated with CTVDBstB:596 plus CTV-
DCla as helper or CTV-DCla alone. The RNA was ex-
tracted from the protoplasts 0, 1, 2, 3, and 4 days p.i. and
analyzed by Northern blot hybridizations using probes
specific to the positive or negative sense of the 39 end of
he T36 genomic RNA (Fig. 5). The 39 positive-stranded-
NA-specific probe (Fig. 5, upper panel) detected the
emaining input transcripts in protoplasts inoculated with
he synthetic dRNA CTVDBstB:596 alone. The level of
his RNA decreased gradually but remained detectable
t 3 days p.i., and in some experiments at 4 days p.i. The
ersistent input dRNA inoculum obscured detection of
ewly produced positive-stranded dRNA. However, using
he 39 negative-stranded-RNA-specific probe (Fig. 5,
ower panel), the accumulation of the dRNA was de-
ected at 3 days p.i. and reached maximal accumulation
t 4 days p.i. The accumulation of the dRNA paralleled
he accumulation of the genomic RNA of the helper
TV-DCla.
Figures 4 and 5 also show that there was no obvious
ffect of dRNA replication on the accumulation levels of
he genomic or the subgenomic RNAs of the CTV-DCla
elper.
FIG. 5. Time course of accumulation of the in vitro synthesized CTV
RNA in protoplasts. Northern blotting of CTV positive-stranded (upper
anel) and negative-stranded (lower panel) RNAs were performed with
he T36 39-specific riboprobes. Protoplasts were infected with CTV-
Cla transcripts (A), CTVDBstB:596 transcripts (B), and CTV-DCla plus
TVDBstB:596 (C) transcripts. The positions of CTV-DCla RNA,
TVDBstB:596 dRNA, and the subgenomic RNA are indicated to theC
h
eft. The numbers at the top of the upper and the lower panels indicate
he time postinoculation in days.eplication of dRNAs by heterologous helpers
There were no available infectious cDNA clones of
TV genotypes other than T36. Thus to examine the
nteraction and specificity between dRNAs and heterol-
gous helper viruses, we used wild populations of het-
rologous CTV isolates as helpers to replicate the T36-
ased synthetic dRNAs. Protoplasts were coinoculated
ith equal amounts (25 ml) of dRNA transcripts of
CTVDBstB:596 and sap extract of CTV-infected plants.
otal nucleic acids were extracted at 4 days p.i. and
nalyzed using a T36 59 negative-stranded-RNA-specific
robe. No dRNAs were produced (data not shown). Ri-
onuclease activity apparently degraded the dRNA tran-
cripts in these experiments. The use of a two-step
noculation method in which protoplasts first were inoc-
lated with sap followed by washing and inoculation with
RNA transcripts also did not result in detectable dRNA
eplication (data not shown).
Replication of the synthetic dRNA by sap inoculum from
36-infected tissue used as helper was accomplished by
1) rapid inoculation, in which the sap was mixed with the
rotoplasts, followed by the rapid addition of RNA and PEG
nd gentle mixing for no more than 15 s, and (2) the use of
mall volumes of sap (5–10 ml). Figure 6 shows accumula-
ion of an RNA of the expected size of CTVDBstB:596,
ndicating replication of the synthetic T36 dRNA by the
omologous wild-type T36 helper in protoplasts inoculated
ith these conditions. No dRNA replication was detected
ith sap inoculum of .20 ml or ,1 ml.
We next examined whether the T36-derived dRNA,
FIG. 6. Replication of CTVDBstB:596 dRNA in N. benthamiana pro-
toplasts using sap extracted from tissues infected with homologous
and heterologous CTV isolates as helpers. The protoplasts were in-
fected with helper alone (lanes H) or with helper plus the dRNA
CTVDBstB:596 (lanes H 1 D), and the RNAs 4 days p.i. were analyzed
by Northern blot hybridization with the T36 59 negative-stranded-RNA-
specific riboprobe. The positions of CTV-DCla RNA and the synthetic
dRNA are indicated to the left. The asterisk indicates the position of a
nonspecific band.TVDBstB:596, would be replicated by heterologous
elpers. We chose to use CTV isolates T3 and T68 as
lated t
ecific b
365HELPER AND DEFECTIVE RNA OF CITRUS TRISTEZA VIRUShelpers. Hybridization and RT-PCR analyses carried out
by Hilf et al. (1999) suggested that these two isolates, T3
and T68, have similar genotypes and belong to the VT
subgroup, which has a highly divergent 59 sequence
(with only 60–70% homology) compared with T36 (Ma-
wassi et al., 1996). The T3 and T68 populations were
found to consist primarily of one major sequence and not
to have detectable levels of T36-like genotypes (Hilf et
al., 1999). Protoplasts were inoculated with sap from T3-
or T68-infected plants plus transcripts of pCTVDBstB:
596. There was detectable replication of CTVDBstB:596
at 4 days p.i. by both T68 and T3 (Fig. 6).
Replication of chimeric dRNAs
The above experiments suggested that CTV replicase
complexes could replicate heterologous dRNAs. Another
FIG. 7. Replication of chimeric CTV dRNAs in protoplasts. CTV-DCla
eft) were used as helpers. The protoplasts were inoculated with help
59NTR (C), CTVDBstB-T68 59NTR (D), CTVDBstB-T30 59NTR (E), CTVD
Northern blot hybridizations were carried out with the T36 negative-str
of genomic RNAs of the helpers and the chimeric dRNAs are indic
postinoculation in days. The asterisk indicates the position of a nonspapproach was to use a cDNA-cloned helper and in vitro
constructed chimeric dRNAs. The 59 NTR of T36CTVDBstB:596 was replaced by the corresponding se-
quences from VT, T68, T3, and T30. The sequences of the
59 NTRs of these isolates differed in nucleotide identities
from T36 59 NTR by 41%, 36%, 36%, and 58%, respectively.
Transcripts of these dRNA hybrids were used to inocu-
late protoplasts along with CTV-DCla RNA as a helper.
None of the chimeric dRNA molecules were replicated
(Fig. 7, upper panel). However, CTV-DCla has a deletion
of the ten 39 ORFs. To examine whether a virus without
these deletions would support replication of the chimeric
dRNAs, we coinoculated the chimeric dRNAs with wild-
type T36 using sap from infected plants. The hybridiza-
tion results indicated that none of the dRNA-hybrids
accumulated to detectable levels with wild-type T36 as
helper (Fig. 7, middle panel), suggesting that the T36
replicase complex was unable to sufficiently recognize
d sap extracted from tissue infected with T36 or T68 (indicated to the
e (A) or with helper plus T36 dRNA CTVDBstB:596 (B), CTVDBstB-VT
3 59NTR (F), CTVDBstB-VT 59 1kb (G), or CTVDBstB-T30 59 1kb (H).
RNA-specific riboprobe corresponding to nt 1026–1657. The positions
o the left. The numbers at the top of the panels indicate the time
and.RNA an
er alon
BstB-T
anded-and interact in trans with these dRNAs with heterologous
59 NTR sequences to provide detectable amplification.
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366 MAWASSI ET AL.We next examined whether the 59 NTR chimeric
dRNAs were replicated by a different helper, T68. All the
dRNA hybrids were replicated by T68 helper virus (Fig. 7,
lower panel). The accumulation levels varied among the
hybrids but were not proportional to the degrees of
sequence homology. For example, CTVDBstB-T3 59NTR
(T3:T36 dRNA chimera) replicated less than CTVDBstB-
T30 59NTR (T30:T36) or CTVDBstB-T68 59NTR (T68:T36)
chimeras (Fig. 7, lanes F, E, and D, respectively) despite
the fact that T3 59 NTR has higher sequence identity to
the helper T68 (86%) than T30 to T68 (64%).
Because the 59 cis-acting elements recognized by the
replicase complex could include sequences beyond the
59 NTR, we next examined replication of chimeric dRNAs
with a larger heterologous 59 region. The first 59 1 kb of
the T36 dRNA construct (CTVDBstB:596) was replaced
by the corresponding sequences from VT and T30 RNAs.
The T36 sequence differs from T30 and VT in this region
by 28%, whereas VT and T30 differed from each other by
only 13%. The 59 1-kb chimeras, CTVDBstB-VT 59 1kb
(VT:T36) and CTVDBstB-T30 59 1kb (T30:T36), were co-
inoculated with CTV-DCla transcripts or with sap from
T36- or T68-infected plants. Similar to the 59 NTR chime-
as, the accumulation of the 59 1-kb chimeric dRNAs was
etected only when T68 was used as helper (Fig. 7, lanes
and H).
DISCUSSION
Multiple dRNA species are associated with most CTV
solates. The dRNAs differ in size and relative abundance
ithin and between the isolates. High levels of dRNAs
ccur equally in field and greenhouse-maintained iso-
ates (Albiach-Martı´ et al., 2000; Mawassi et al., 1995b).
lthough dRNAs are usually homologous to the helper,
e observed abundant dRNAs with sequences different
rom that of the major component of genomic RNA (Fig.
). These data suggest that the CTV replicase complex
ight be capable of recognizing and replicating heterol-
gous sequences in trans. However, we cannot exclude
he potential that small amounts of the homologous
elper existed in the population.
The initial requirement to study dRNA replication was
o develop a rapid and simple assay system. Although
TV has been shown to replicate in protoplasts of the
onhost N. benthamiana, inoculation with purified virions
roduced low levels of replication and inoculation with
iral RNA resulted in barely detectable replication (Na-
as-Castillo et al., 1997). Because replication of dRNAs
equires double infections, in which both helper and
RNA should be simultaneously delivered into the same
ell, a more efficient inoculation system was required.
e found that when sap extracted from CTV infected
issue was used as inoculum, the accumulation levels of
TV RNAs in protoplasts were much higher. Genomic
nd subgenomic RNAs were detectable even when the
h
hap was diluted up to 1000-fold (results not shown),
ndicating the high efficiency of infection of the virions
rom sap extracts. The reason for the higher infectivity of
ap extracts compared with purified virions is unknown.
t is possible that the purification procedure causes par-
ial dissociation of the minor coat protein (Zinovkin et al.,
999) or mechanical breakage of the particles.
Citrus plants infected with CTV isolates T68, T3, or T36
ontained different dRNA patterns (Fig. 1). However, the
ajor dRNAs that replicated in protoplasts were not the
ame as those in the source inoculum (Fig. 2). There are
everal possible explanations. N. benthamiana proto-
lasts might selectively support replication of dRNAs
ifferent from those supported in citrus plants. It is also
ossible that some of the dRNAs present in the source
noculum were not encapsidated; therefore, these
RNAs could be degraded by ribonucleases of the sap
xtract and inefficiently transferred.
Of 12 in vitro constructed dRNA-like molecules, only 3
ere efficiently replicated with T36-derived helpers.
RNAs with shorter 59-termini or longer 39-termini failed
o be replicated to detectable levels. The lengths of the
9- and 39-termini of naturally occurring CTV dRNAs vary
onsiderably among species, with minimal lengths of
81 and 442 nt, respectively (Mawassi et al., 1995b; Yang
t al., 1997b). A synthetic dRNA that was created with
hese minimal lengths did not replicate, suggesting that
he existence of minimum 59 and 39 cis-acting elements
s not the only factor that determines the ability of a dRNA
o be replicated.
An infectious cDNA clone of a natural dRNA from the
TV-VT isolate, tagged by the insertion of a 0.47-kb
himeric DNA fragment and constructed under the cau-
iflower mosaic virus 35S promoter, was previously de-
cribed (Yang et al., 1997a). However, the replication
evel of this dRNA in inoculated citrus plants was low and
etectable only by RT-PCR analysis performed several
onths after inoculation. In contrast, the dRNAs reported
ere were replicated to high levels in protoplasts, ap-
roximating the level of the helper virus.
Generally, animal virus dRNAs, which have been more
xtensively studied, compete and interfere with the rep-
ication of the helper virus and thus are referred to as
efective interfering RNAs (Holland, 1990). Likewise,
lant virus dRNAs can negatively affect the levels of
eplication of the helper RNA (Hillman et al., 1987; Jones
t al., 1990; Li et al., 1989) and/or the subgenomic RNAs
Scholthof et al., 1995) in plants and protoplasts. How-
ver, CTV dRNA replication did not appreciably affect
evels of accumulation of the genomic or the subgenomic
NAs of the helper, suggesting that the dRNAs did not
ompete for the same pool of replicase as the helper
irus. Synthetic dRNAs of tobacco mosaic tobamovirus
re similarly replicated to high levels compared with the
elper virus with no effect on the replication of the
elper, suggesting that these dRNAs were replicated
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son, 1998).
For replication, the replicase complex recognizes and
interacts with cis-acting elements located generally at or
near the 59- and 39-termini of the RNA to initiate RNA
synthesis (Buck, 1996). In contrast to the conserved 39
NTR sequences among different CTV strains, the 59
TRs are unusually variable. We previously examined
he effect of heterologous termini on the replication of the
enomic RNA of CTV. Substitution with heterologous 39
NTRs from other CTV strains had little effect on replica-
tion, whereas substitutions with heterologous 59 NTRs
decreased the accumulation levels by 77–93%, and for
some hybrids, the replication was barely detectable
(Satyanarayana et al., 1999). Here we examined replica-
tion of a T36 dRNA with homologous compared with
heterologous CTV helpers and found that T68, T3, as well
as T36 supported its replication, suggesting a compati-
ble in trans interaction between the T3 and T68 replicase
complexes and the cis-acting elements of the T36 dRNA.
In contrast, replacement of the 59 NTR of T36 dRNA with
the corresponding sequences from VT, T68, T3 or T30
resulted in undetectable accumulation of the chimeric
dRNAs with the T36 helpers, suggesting that the T36
replication complex did not interact as well with heterol-
ogous 59 termini. However, these chimeric dRNAs were
replicated by T68. Although the wild CTV isolates could
contain small amounts of other CTV strains, the bulk of
the pool of replicase complexes available for amplifica-
tion of the dRNAs would have resulted from the single
major component of each of the populations. Thus, these
data suggest that CTV replicase complexes have differ-
ent stringencies for interaction with this range of 59
terminal regions. The T36 replicase complex also has
different efficiencies for interaction with the 59 terminal
region during replication of CTV RNAs in trans compared
with in cis (Satyanarayana et al., 1999).
The complexity of CTV populations often appears to be
stably propagated but can shift dramatically on aphid
transmission or transfer to a different host (Albiach-Martı´
et al., 2000). What defines CTV population structures?
One possibility is that each cell is infected with each
component of the population and that each type of rep-
lication factory reproduces homologous RNAs. Another
possibility is that the plant is made up of populations of
different cells infected with only homologous CTV
genomic RNAs and dRNAs. A third possibility is that the
dominant replicase species produces all of the RNAs
with different efficiencies. It is likely that all of these
processes have some impact on population structure.
Our results demonstrate that the T68 replicase complex
could replicate heterologous dRNAs. On the other hand,
the T36 replication complex appears to be more specific
than that of other CTV strains. Perhaps by coincidence,
T36 populations appear to be less complex than other
CTV isolates. iMATERIALS AND METHODS
Virus isolates and sap extraction
CTV isolates T36, T3, T68, T30, T64, and T66 were
propagated in Madam vinous sweet orange [Citrus si-
nensis (L) Osbeck] under greenhouse conditions. The
source and origin of these isolates have been described
previously (Hilf et al., 1999).
Crude extracts from infected plants were prepared by
grinding 1 g of bark from young flush tissue in the
presence of liquid nitrogen in a mortar and pestle. The
powder was extracted in 5 ml of 40 mM sodium phos-
phate buffer, pH 8.2. The extract was filtered through
cheesecloth and centrifuged at 4°C for 5 min at 4000 3
g followed by an additional 10 min at 8000 3 g. The
supernatant was used as inoculum for protoplasts.
dRNA constructs and in vitro transcription
The biologically active full-length CTV-T36 cDNA clone
pCTV9 (Satyanarayana et al., 1999) was used to build
dRNA-like constructs by making large internal deletions
(Fig. 3). The single restriction endonuclease digests of
pCTV9 with BglII, XbaI, AvrII, Eco47III, NruI, BssHII, SalI, or
BstBI followed by isolation of the specific DNA fragments,
elution using the Geneclean kit (Bio 101, Vista, CA), and
ligation, resulted in pCTVDBgl:199, pCTVDXba:203,
pCTVDAvr:207, pCTVDEco47:222, pCTVDNru:191, pCTVD-
BssH:195, pCTVDSal:187, and pCTVDBstB:596, respectively.
Double digestions of pCTV9 with the restriction endonucle-
ases AvrII and XbaI, BstBI and ClaI, and NsiI and PstI,
followed by isolation of the specific DNA and ligation,
created pCTVDAvr-Xba:211, pCTVDBstB-Cla:456, and
pCTVDNsi-Pst:228, respectively. pCTVDNco-Cla:368 was
created by digestion of pCTV9 with ClaI and NcoI followed
by end-filling with DNA polymerase I, large (Klenow) frag-
ment (New England Biolabs, Beverly, MA), isolation of the
plasmid DNA, and ligation.
Chimeric dRNA clones were created from the deletion
mutants of pCTVDCla-hybrids described by Satyanara-
yana et al. (1999) that contain the 59 NTR sequences of
VT, T3, T68, or T30 as well as the hybrids containing the
59 1 kb of VT or T30 sequence. The fragments resulting
from digestion of these pCTVDCla-hybrids with StuI (up-
stream of SP6 promoter) and BstBI (at position 2882)
were ligated into pCTVDBstB:596 digested with HindIII
(located upstream of SP6 promoter) followed by end-
filling with Klenow and digestion with BstBI to create the
dRNA chimeras pCTVDBstB-VT 59NTR, pCTVDBstB-T3
59NTR, pCTVDBstB-T68 59NTR, pCTVDBstB-T30 59NTR,
pCTVDBstB-VT 59 1kb, and pCTVDBstB-T30 59 1kb.
Plasmid DNA was prepared using the Qiagen Plasmid
Midi Kit (Qiagen, Valencia, CA) according to the manu-
facturer’s instructions.In vitro transcription was carried out in 25 ml consist-
ng of 1.5 mg of NotI linearized plasmids, 40 mM Tris–HCl,
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368 MAWASSI ET AL.pH 7.9, 20 mM DTT, 8.5 mM MgCl2, 2 mM spermidine, 1.2
mM concentration each of ATP, CTP, UTP, and Cap ana-
log (m7G[59]ppp[59]G; Epicentre Technologies), 0.048
mM GTP, 20 U of rRNasin ribonuclease inhibitor (Pro-
mega, Madison, WI), and 25 U of SP6 RNA polymerase
(Epicentre Technologies). The reaction was incubated for
15 min at 37°C followed by increasing the GTP to 0.5 mM
and additional incubation for 1 h 45 min at 37°C. Freshly
prepared in vitro transcripts were used directly for inoc-
ulation of protoplasts without further purification.
Protoplast isolation and inoculation
Protoplasts were isolated from fully expanded leaves
of N. benthamiana, and transfection was carried out as
described previously by Navas-Castillo et al. (1997) with
modifications. After harvest, 5 3 105 protoplasts were
noculated with 25 ml of transcription reaction or sap
xtract by mixing for 20–30 s with 0.5 ml of 40% PEG-1540
Polysciences, Inc.) prepared in 0.75 MMC (750 mM
D-mannitol, 5 mM MES, 10 mM CaCl2, pH 5.8) followed by
he addition of 5 ml of 0.6 MMC (600 mM D-mannitol, 5
mM MES, 10 mM CaCl2, pH 5.8). When transcripts of
elper and dRNA were coinoculated into protoplasts, a
ixture of 50 ml total volume was used. After a 15-min
incubation at room temperature, the protoplasts were
centrifuged at 100 3 g for 3 min, washed with 5 ml of
Aoki medium [600 mM D-mannitol, 5 mM MES, Aoki salts;
Aoki and Takebe, 1969) and 0.73 antibiotic antimycotic
solution (Sigma)], resuspended in 1.5 ml of Aoki medium,
and incubated under fluorescent light at 26°C in 6-well
plates coated with a thin layer of 1% agarose prepared in
13% D-mannitol solution.
Analysis of viral RNA
Protoplasts were harvested by centrifugation at 14,000
rpm for 1 min. Total nucleic acids were extracted by
mixing the pellet with 400 ml of lysis buffer (50 mM
Tris–HCl, 100 mM NaCl, 10 mM EDTA, 2% SDS, pH 9.0)
followed by two phenol–chloroform extractions and eth-
anol precipitation. The precipitant was resuspended in
50 ml of dH2O, and 4 ml was analyzed by agarose gel
electrophoresis and Northern blot hybridization as de-
scribed previously (Lewandowski and Dawson, 1998).
CTV dsRNA was isolated from citrus bark tissue by
phenol extraction and CF-11 column chromatography
(Dodds and Bar-Joseph, 1983). For denaturation, the
dsRNA was treated as described for total nucleic acids
(Lewandowski and Dawson, 1998).
Hybridization was carried out at 68°C in 50% form-
amide, 0.02% SDS, 0.1% N-lauroyl sarcosine, 2% casein,
and 53 SSC (13 SSC 5 150 mM sodium citrate, 15 mM
NaCl). Digoxigenin-labeled UTP (Roche Molecular Bio-
chemicals) strand-specific riboprobes were prepared ac-
cording to the manufacturer’s instructions and used to
detect CTV RNAs. After hybridization, the membrane waswashed once for 15 min at room temperature with 23
SSC and 0.1% SDS and twice for 20 min each at 68°C
with 0.13 SSC and 0.1% SDS. For higher hybridization
stringencies, the membrane was washed for additional
40 min at 68°C with 0.13 SSC and 0.1% SDS. Probing of
the membrane with anti-digoxigenin-alkaline phospha-
tase Fab fragment and development with CSPD chemi-
luminescent substrate were carried out according to the
manufacturer’s instructions (Roche Molecular Biochemi-
cals). The 39-terminal 900 nt, 59-terminal 1025 nt, or nt
1026–1657 of CTV-T36 cloned into pGEM-7Zf (Promega)
were used to synthesize positive- or negative-stranded-
RNA-specific probes using either SP6 or T7 RNA poly-
merase. The 59 riboprobe specific to CTV-T30 sequence
was prepared from the 59-terminal 1 kb cloned in pGEM-
7Zf (Albiach-Martı´ et al., in preparation).
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